The paper presents an experimental investigation of a steam ejector in a single-effect thermal vapor compression (S-TVC) desalination system driven by a low-temperature (below 100 • C) heat source. To investigate the performance of the steam ejector in the S-TVC desalination system, an experimental steam ejector system was designed and built. The influences of the nozzle exit position (NXP), operating temperatures, and the area ratio of the ejector (AR) on the steam ejector performance were investigated at primary steam temperatures ranging from 40 • C to 70 • C, and at secondary steam temperatures ranging from 10 • C to 25 • C. The experimental results showed that the steam ejector can work well in the S-TVC desalination system driven by a low-temperature heat source below 100 • C. The steam ejector could achieve a higher coefficient of performance (COP) by decreasing the primary steam temperature, increasing the secondary steam temperature, and increasing the AR. The steam ejector could also be operated at a higher critical condensation temperature by increasing the primary steam temperature and secondary steam temperature, and decreasing the AR. This study will allow S-TVC desalination to compete with adsorption desalination (AD).
Introduction
Human life and production are inseparable from fresh water, which only makes up 2.5% of the total water resources. With the rapid development of the world economy and the population explosion, the shortage of freshwater resources has become a growing global environmental problem. Desalination technology is deemed an effective means to solve the problem. It is the process of utilizing heat, electricity, and other energy, to separate the dissolved mineral salts, organisms, bacteria, viruses, and solids in seawater. Figure 1 shows the classification of seawater desalination technology based on the separation process. Multi-effect distillation (MED), multi-stage flash, and reverse osmosis are the commercial desalination technologies widely applied in the industry. Total global desalination capacity was around 74.8 million m 3 /d in 2011, 63% of the total capacity was produced by reverse osmosis, 23% by multi-stage flash and 8% by MED [1] . However, every desalination technology consumes a lot of every desalination technology consumes a lot of fossil fuel and emits large amounts of carbon dioxide. At present, global desalination plants produce 76 million tons of carbon dioxide per year, which is predicted to accelerate to 218 million tons per year by 2040 [2] . To overcome the disadvantages of traditional desalination technologies and further reduce carbon dioxide emissions, exploiting low-temperature heat sources below 100 °C is a promising technology for the near future. Adsorption desalination (AD) can utilize low-temperature heat sources ranging from 50 °C to 85 °C, which is a method evolved from the adsorption refrigeration system. Silica-gel [3, 4] and zeolites [5, 6] have been utilized as adsorption media. Due to evaporation of seawater at temperatures below 35 °C, scaling and corrosion are rare in the evaporator [7] . Ng and his collaborators [8] [9] [10] [11] [12] have made great contributions to the research and development of adsorption desalination. However, adsorbent performance decreases after being used for a period of time and control of the adsorber beds is complex. These problems greatly limit the development of its application. Single-effect thermal vapor compression (S-TVC) has a similar principle as that found in AD. S-TVC has greater development potential because of its effortless operation, low maintenance cost and simplicity in construction. The system is mainly composed of the primary evaporator, secondary evaporator, steam ejector and the condenser, as shown in Figure 2 . When the system is started, the distilled water in the primary evaporator is heated by the heat source at temperatures ranging from 140 °C to 180 °C. A high-pressure and high-temperature primary steam (Mp) generated in the primary evaporator enters the steam ejector and expands as it exits the nozzle. The low-pressure region produced by this expansion vaporizes and entrains a secondary steam (Ms) from the secondary evaporator at a temperature of Ts. The two steam streams begin to mix in the steam ejector. After that, the mixed steam (Mp + Ms) is condensed in the secondary evaporator, which provides heat to the secondary evaporator to generate steam (Mdw). Meanwhile, the seawater (Mcw + Mf) at a temperature of Tcw is pumped into the condenser to condense the steam (Mdw − Ms) into liquid. Then, the seawater is heated to Tf from Tcw. Part of the seawater, as cooling water (Mcw), is discharged. Another part of the seawater serves as feed seawater (Mf), which is supplied to the secondary evaporator. Before entering the secondary evaporator, feed seawater must be pretreated. In the secondary evaporator, feed seawater is heated into steam (Mdw) at temperatures ranging from 50 °C to 80 °C. Part of the steam, as secondary steam (Ms), is entrained by the primary steam (Mp). To overcome the disadvantages of traditional desalination technologies and further reduce carbon dioxide emissions, exploiting low-temperature heat sources below 100 • C is a promising technology for the near future. Adsorption desalination (AD) can utilize low-temperature heat sources ranging from 50 • C to 85 • C, which is a method evolved from the adsorption refrigeration system. Silica-gel [3, 4] and zeolites [5, 6] have been utilized as adsorption media. Due to evaporation of seawater at temperatures below 35 • C, scaling and corrosion are rare in the evaporator [7] . Ng and his collaborators [8] [9] [10] [11] [12] have made great contributions to the research and development of adsorption desalination. However, adsorbent performance decreases after being used for a period of time and control of the adsorber beds is complex. These problems greatly limit the development of its application. Single-effect thermal vapor compression (S-TVC) has a similar principle as that found in AD. S-TVC has greater development potential because of its effortless operation, low maintenance cost and simplicity in construction. The system is mainly composed of the primary evaporator, secondary evaporator, steam ejector and the condenser, as shown in Figure 2 . When the system is started, the distilled water in the primary evaporator is heated by the heat source at temperatures ranging from 140 • C to 180 • C. A high-pressure and high-temperature primary steam (M p ) generated in the primary evaporator enters the steam ejector and expands as it exits the nozzle. The low-pressure region produced by this expansion vaporizes and entrains a secondary steam (M s ) from the secondary evaporator at a temperature of T s . The two steam streams begin to mix in the steam ejector. After that, the mixed steam (M p + M s ) is condensed in the secondary evaporator, which provides heat to the secondary evaporator to generate steam (M dw ). Meanwhile, the seawater (M cw + M f ) at a temperature of T cw is pumped into the condenser to condense the steam (M dw − M s ) into liquid. Then, the seawater is heated to T f from T cw . Part of the seawater, as cooling water (M cw ), is discharged. Another part of the seawater serves as feed seawater (M f ), which is supplied to the secondary evaporator. Before entering the secondary evaporator, feed seawater must be pretreated. In the secondary evaporator, feed seawater is heated into steam (M dw ) at temperatures ranging from 50 • C to 80 The theoretical model of the S-TVC was developed by Al-Najem and El-Dessouky in 1997 [13] . El-Dessouky et al. [14] developed a steady-state model, which considered the changes of the physical properties with salinity and temperature, boiling-point elevation and pressure drop through the demister. Ji et al. [15] investigated the effects of the cooling water mass flow rate and the seawater inlet temperature on the performance of the system. Theoretical results showed that system performance decreases as the seawater inlet temperature deviates from the design value. Pilipovik and Riverol [16] evaluated the seasonal influence on the fouling deposition of the S-TVC unit by using the sequential annealing method. The steam ejector is a critical component of the S-TVC system.
The performance of the steam ejector has a great impact on the energy efficiency and the operation condition of the S-TVC system. However, there is little research on the steam ejector in the S-TVC. So far, the studies of the steam ejector in the thermal vapor compression (TVC) are often found in the multiple-effect distillation with thermal vapour compression (MED-TVC). Sharifi et al. [17] investigated the effect of the nozzle geometry on the performance of the steam ejector by using numerical simulations. Liu and his collaborators [18] [19] [20] [21] [22] [23] investigated the effects of mixing chamber geometries, suction position, nozzle structures and auxiliary entrainment on the steam ejector performance in the MED-TVC with numerical simulation in their papers. Wang et al. [24, 25] investigated the effect of the area ratio of the ejector (AR), surface roughness and superheat on condensation in the nozzle. Liu [26] investigated the AR on the ejector efficiencies and established empirical correlations to predict ejector efficiencies. Liu and Ji [27, 28] numerically investigated the flow characteristics inside the steam ejector, which could help to better understand the mechanism of steam ejector.
From the above, the steam ejector, whether in the S-TVC or in the MED-TVC, has not been investigated with low-temperature heat sources below 100 °C. For now, S-TVC desalination cannot compete with AD. The main objective of this study is to explore the steam ejector in the S-TVC desalination system driven by low-temperature heat sources below 100 °C. In this paper, the effects of operating temperatures, nozzle exit position (NXP) and AR on the performance of the steam ejector powered by a low-temperature heat source were experimentally investigated. The theoretical model of the S-TVC was developed by Al-Najem and El-Dessouky in 1997 [13] . El-Dessouky et al. [14] developed a steady-state model, which considered the changes of the physical properties with salinity and temperature, boiling-point elevation and pressure drop through the demister. Ji et al. [15] investigated the effects of the cooling water mass flow rate and the seawater inlet temperature on the performance of the system. Theoretical results showed that system performance decreases as the seawater inlet temperature deviates from the design value. Pilipovik and Riverol [16] evaluated the seasonal influence on the fouling deposition of the S-TVC unit by using the sequential annealing method. The steam ejector is a critical component of the S-TVC system.
From the above, the steam ejector, whether in the S-TVC or in the MED-TVC, has not been investigated with low-temperature heat sources below 100 • C. For now, S-TVC desalination cannot compete with AD. The main objective of this study is to explore the steam ejector in the S-TVC desalination system driven by low-temperature heat sources below 100 • C. In this paper, the effects of operating temperatures, nozzle exit position (NXP) and AR on the performance of the steam ejector powered by a low-temperature heat source were experimentally investigated.
Experimental System
To investigate the performance of the steam ejector driven by a low-temperature heat source, an experimental test system was established as shown in Figure 3 . The experimental system was simplified to focus on the performance of the steam ejector. It mainly consists of an experimental ejector, a primary evaporator, a secondary evaporator, two electric heaters, two transformers, a condenser, a liquid storage tank, a circulating pump, and measuring devices. The experimental ejector mainly consists of four components: a diffuser, a constant area section, a mixing chamber and a nozzle with a mechanical adjusting mechanism. The mechanical adjusting mechanism can change the position of the nozzle exit in the mixing chamber of the experimental ejector. The diffuser, the constant area section, and the mixing chamber are connected by flanges. Figure 4 shows dimensions of the experimental ejector.
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Deionized water served as the working medium. The primary evaporator and the secondary evaporator were filled with the deionized water before the experiment began. The working medium was then heated in the primary evaporator and secondary evaporator to remove the dissolved air. To verify the experimental results, the procedure mentioned above was repeated several times. For each test, the temperature in the primary evaporator was heated to the desired value. The steam ejector worked at a lower condensation temperature. At this time, the heating power of the electric heater in the secondary evaporator was adjusted by the transformer. Then, the secondary steam temperature in the secondary evaporator was observed. When the evaporation temperature was consistent with the desired value for more than 30 min, we considered the system to be in equilibrium. All parameters, such as heating power inputs, temperatures and pressures, were recorded for an extra 20 min via a data acquisition system. The test was then repeated, but this time, the condensation temperature was increased by increasing the outlet temperature of the cooling water. The performance of the steam ejector is described by the coefficient of performance (COP), which is defined as the ratio between the electric power input to the secondary evaporator and the electric power input to the primary evaporator. The COP can be calculated according to the following equation:
Results and Discussion
According to the experimental test system shown in Figure 3 and the two ejectors shown in Figure 4 , the steam ejector performance was determined under the condition of the primary steam temperature, which ranged from 40 • C to 70 • C. The secondary steam temperature was set at 25 • C, 20 • C, 15 • C and 10 • C, in that order. These operating temperatures were selected according to studies of the AD [3, 12, 29] . The experimental results of the effects of the operating temperatures, NXP and AR on the performance of the steam ejector are summarized as follows.
At the beginning of the study, a tentative experiment was carried out with Ejector 1. Figure 5 shows the experimental results at a primary steam temperature of 70 • C and a secondary steam temperature of 25 • C. It can be found that the COP remained constant at first and then declined rapidly with the increase of condensation temperature. When the COP began to decline, the steam ejector was at an unstable condition. The corresponding condensation temperature is called the critical condensation temperature, T c *. A further increase in the condensation temperature would cause the COP to rapidly decrease to zero. This is the operating characteristics of the steam ejector [17] . At that moment, the steam ejector could not function. The COP and critical condensation temperature are the most important performance parameters in the research of the steam ejector. From Figure 5 , it is also observed that the COP was 0.59 and the critical condensation temperature was 35 • C. This illustrates that the steam ejector can operate in the S-TVC desalination system at a heat source temperature below 100 • C. Figure 6 shows the COP variation in a steam ejector in response to the condensation temperature at different primary steam temperatures. As shown, the experimental results indicate that the steam ejector can operate when Tp = 40-70 °C and Ts = 25 °C, respectively. In Figure 6 , it is found that the COP of the steam ejector decreases as the primary steam temperature increases. The COP could reach 2.64 when Tp = 40 °C, which was about 4.5 times as high as that when Tp = 70 °C. It is also found that the critical condensation temperature increases as the primary steam temperature increases. The critical condensation temperature was only 22.5 °C when Tp = 40 °C, which was about 12.5 °C lower than when Tp = 70 °C. According to the experimental results, we draw the conclusion that the effect of the primary steam temperature on the COP and its effect on the critical condensation temperature are opposite. Increasing the primary steam temperature could result in a worse COP, but the steam ejector could then be operated at a higher critical condensation temperature. Considering the actual operation of the S-TVC desalination system, the critical condensation temperature should be a little higher than the secondary steam temperature. According to the experimental results shown in Figure 6 , when the primary steam temperature is above 55 °C, the critical condensation temperature is higher than 25 °C, which is practical for the system. The COP when Ts = 25 °C was much higher than when Ts = 10 °C. It is evident that the COP increases dramatically when the secondary steam temperature increases. As shown in Figure 7 , the critical condensation temperature, when Ts = 25 °C, is a little higher than when Ts = 10 °C. The difference Figure 6 , it is found that the COP of the steam ejector decreases as the primary steam temperature increases. The COP could reach 2.64 when T p = 40 • C, which was about 4.5 times as high as that when T p = 70 • C. It is also found that the critical condensation temperature increases as the primary steam temperature increases. The critical condensation temperature was only 22.5 • C when T p = 40 • C, which was about 12.5 • C lower than when T p = 70 • C. According to the experimental results, we draw the conclusion that the effect of the primary steam temperature on the COP and its effect on the critical condensation temperature are opposite. Increasing the primary steam temperature could result in a worse COP, but the steam ejector could then be operated at a higher critical condensation temperature. Considering the actual operation of the S-TVC desalination system, the critical condensation temperature should be a little higher than the secondary steam temperature. According to the experimental results shown in Figure 6 , when the primary steam temperature is above 55 • C, the critical condensation temperature is higher than 25 • C, which is practical for the system. Figure 6 shows the COP variation in a steam ejector in response to the condensation temperature at different primary steam temperatures. As shown, the experimental results indicate that the steam ejector can operate when Tp = 40-70 °C and Ts = 25 °C, respectively. In Figure 6 , it is found that the COP of the steam ejector decreases as the primary steam temperature increases. The COP could reach 2.64 when Tp = 40 °C, which was about 4.5 times as high as that when Tp = 70 °C. It is also found that the critical condensation temperature increases as the primary steam temperature increases. The critical condensation temperature was only 22.5 °C when Tp = 40 °C, which was about 12.5 °C lower than when Tp = 70 °C. According to the experimental results, we draw the conclusion that the effect of the primary steam temperature on the COP and its effect on the critical condensation temperature are opposite. Increasing the primary steam temperature could result in a worse COP, but the steam ejector could then be operated at a higher critical condensation temperature. Considering the actual operation of the S-TVC desalination system, the critical condensation temperature should be a little higher than the secondary steam temperature. According to the experimental results shown in Figure 6 , when the primary steam temperature is above 55 °C, the critical condensation temperature is higher than 25 °C, which is practical for the system. The COP when Ts = 25 °C was much higher than when Ts = 10 °C. It is evident that the COP increases dramatically when the secondary steam temperature increases. As shown in Figure 7 , the critical condensation temperature, when Ts = 25 °C, is a little higher than when Ts = 10 °C. The difference Figure 7 , the critical condensation temperature, when T s = 25 • C, is a little higher than when T s = 10 • C. The difference between the critical condensation temperatures in these two cases is about 3 • C. Thus, it can be concluded that both the COP and critical condensation temperature increased with the increase of the secondary steam temperature based on the above analysis.
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Conclusions
The paper presents an experimental investigation of a steam ejector in an S-TVC desalination system driven by a low-temperature heat source. The effects of the operating temperatures, NXP, and AR, on the performance of the steam ejector were investigated at the primary steam temperatures ranging from 40 °C to 70 °C, and the secondary steam temperatures ranging from 10 °C to 25 °C, respectively. According to the experimental results, the steam ejector can operate in the S-TVC desalination system driven by a low-temperature heat source below 100 °C. It was found that increasing the primary steam temperature could result in worse COP, but the system could function at a higher critical condensation temperature. Increasing the secondary steam temperature could improve the COP and the critical condensation temperature. In addition, the steam ejector has a better performance when NXP = 100 mm than when NXP = 50 mm or when NXP = 150 mm at Tp = 40-70 °C, and Ts = 25 °C for a given ejector. There must be an optimum NXP in the steam ejector, which should be investigated further. The COP of the steam ejector increased when the AR increased. The AR had a different effect on the critical condensation temperature when NXP = 50 mm, NXP = 100 mm, and NXP = 150 mm. Finally, the experimental results indicated that the critical condensation temperature could be increased by decreasing the AR, resulting in a dramatic COP decrease, especially when NXP = 50 mm. 
The paper presents an experimental investigation of a steam ejector in an S-TVC desalination system driven by a low-temperature heat source. The effects of the operating temperatures, NXP, and AR, on the performance of the steam ejector were investigated at the primary steam temperatures ranging from 40 • C to 70 • C, and the secondary steam temperatures ranging from 10 • C to 25 • C, respectively. According to the experimental results, the steam ejector can operate in the S-TVC desalination system driven by a low-temperature heat source below 100 • C. It was found that increasing the primary steam temperature could result in worse COP, but the system could function at a higher critical condensation temperature. Increasing the secondary steam temperature could improve the COP and the critical condensation temperature. In addition, the steam ejector has a better performance when NXP = 100 mm than when NXP = 50 mm or when NXP = 150 mm at T p = 40-70 • C, and T s = 25 • C for a given ejector. There must be an optimum NXP in the steam ejector, which should be investigated further. The COP of the steam ejector increased when the AR increased. The AR had a different effect on the critical condensation temperature when NXP = 50 mm, NXP = 100 mm, and NXP = 150 mm. Finally, the experimental results indicated that the critical condensation temperature could be increased by decreasing the AR, resulting in a dramatic COP decrease, especially when NXP = 50 mm. 
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